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Since the glassy alloys have structural homogeneity on a nanoscopic scale and wide supercooled
liquid region, Tx temperature interval between glass transition and crystallization, these materials
are recognized as promising micro/nano-materials for nanomachines or micro electro-mechanical
systems MEMS. As one of the micro/nano components, the hard magnetic one is immensely
desired. We systematically investigated the effect of metalloids composition in Fe-Pt-metalloids
alloys on the glass-forming ability, and developed Fe55Pt25Si16B2P2, Fe55Pt25Si15B3P2 and
Fe0.55Pt0.25Si0.16B0.02P0.0296Zr4 at% glassy alloys with Tx of 37 K and 48 K, respectively. With
structural change from the glassy phase to a nano-composite structure consisting of L10 FePt phase,
the coercivity significantly increases from 15 A/m to 170 kA/m for the former one. There is
possibility for making the hard magnetic components by the fabrication in Tx followed by
annealing for the crystallization of the FePt–based glassy alloys. Considering the high
magnetocrystalline anisotropy of the L10 phase, which should lead to room-temperature
ferromagnetic stability for component sizes as small as nm-order, these Fe-Pt-based glassy alloys
have great potential for fabrication of hard magnetic micro/nano structures. © 2008 American
Institute of Physics. DOI: 10.1063/1.3021113
I. INTRODUCTION
The recent discoveries of a large number of new glassy
alloys with supercooled liquid region Tx before crystalli-
zation have enabled engineering utilization of the super-
cooled liquid.1–4 These materials have also been recognized
as promising micro/nano materials for the micro electro-
mechanical systems MEMS because of their structural ho-
mogeneity on a micro/nano-scopic scale and also the
polymer-like formability in Tx. For example, a three-
dimensional micro-gear made of Ni-based glassy alloys with
diameter of 0.3 m and V-groove with width of 100 nm to
1 m have been prepared by the precision die-casting
technique.5,6 The die-casting and micro/nano-imprinting of
glassy alloys in Tx are very useful for fabrication of micro/
nano structures.
As one of the micro/nano structures, hard magnetic com-
ponents are immensely desired. Generally, magnetic material
components change to be superparamagnetic at room tem-
perature with miniaturization the size, whose critical size
strongly depends on the magnetocrystalline anisotropy.7 The
large magnetocrystalline anisotropy of 7106 J /m3 of
L10-ordered FePt
8 is ideal for the next generations of ad-
vanced permanent magnets for the nano sized magnetic com-
ponents for nanomachines and MEMS, and also ultra-high
density magnetic recording media.9 Calculations predict that
the large magnetocrystalline anisotropy of L10 FePt particles
should lead to room-temperature ferromagnetic stability for
component sizes as small as 3 nm in contrast with other
magnetic materials with relatively small magnetocrystalline
anisotropy.11 A key aspect of this technological development
is to reduce the ferromagnetic component size to 10 nm or
less for the L10 FePt magnets.
10 However, the L10 FePt alloy
is generally brittle, leading to difficulty in fabricating micro/
nano-sized components.12
It has been already reported that Fe-Pt-B melt-spun
amorphous alloy ribbons without glass transition are
synthesized and the nano-composite structure exhibiting
rather high coercivity is obtained by annealing the amor-
phous alloys.13 More recently, we have reported that
Fe76Si9B10P5 glassy alloy with large Tx of about 50 K and
2.5 mm rod-specimen can be realized by optimizing the met-
alloid compositions; a higher glass-forming ability GFA is
obtained by the substitution of B with P at 5 at% in one of
the typical amorphous Fe76Si9B15 alloy without glass
transition.14,15 In the present study, based on the achieve-
ment, we systematically investigated the effect of metalloids
composition in Fe-Pt-metalloids alloys on the GFA,
and developed Fe55Pt25Si16B2P2, Fe55Pt25Si15B3P2 and
Fe55Pt25Si16B2P296Zr4 at% glassy alloys with Tx of 37 K
and 48 K, respectively.
II. EXPERIMENTAL
Master alloy ingots were prepared by an induction melt-
ing the mixture of pure metals of Fe 99.98 mass%, Toho
Zinc, Pt 99.95 mass%, Furuya Metal, pre-melted Fe-P
99.9 mass%, Kojundo Chemical Laboratory, and pure met-
alloid of crystal B 99.5 mass%, Rare Metallic and Si
99.999 mass%, Rare Metallic in an Argon atmosphere. ZraElectronic mail: kubott@imr.tohoku.ac.jp.
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added ingots were also prepared by an arc melting the mix-
ture of pre-alloyed Fe-Pt-metalloids and crystal Zr 99.8
mass%, Toyo Success in an Argon atmosphere. The ingots
were crushed into small pieces to accommodate the size of a
quartz nozzle for the melt-spinning. The ribbons with a cross
section of about 0.021.0 mm2 was produced by the melt-
spinning method at a wheel circumferential speed of 41 m/s
in an Argon atmosphere. These ribbons were sealed into a
quartz tube, evacuated to 2–310−3 Pa and then isother-
mally annealed for 900 s at 675–870 K for the crystalliza-
tion. The structure and phase identification of the ribbons
were examined by X-ray diffraction XRD, D8, Bulker AXS,
Japan with Cu-K and transmission electron microscopy
TEM, JEM-2010, JEOL, Japan. TEM samples were pre-
pared by ion milling Model-1010, E.A. Fischione Instru-
ments, USA with an accelerating voltage of 3.0 kV and a
source current of 3.5 mA. Thermal stability was investigated
under an Argon atmosphere by the differential scanning calo-
rimetry DSC, DSC6300, Seiko Instruments, Japan with a Pt
pan at a heating rate of 0.67 K/s and the differential thermal
analysis DTA, SDT-600, TA Instruments, Japan with an
Al2O3 pan at a heating rate of 0.67 K/s and a cooing rate of
0.17 K/s. A thermo-mechanical analyzer TMA, TM9400,
ULVAC-RIKO, Japan was employed to measure the tem-
perature dependence of the effective viscosity at a heating
rate of 0.67 K/s and with the tensile stress of 5 MPa. The
coercivity iHc of the as-quenched and annealed ribbons
was measured with a B-H loop tracer BHH-50, Riken Den-
shi, Japan under an applied field of 10 kA/m and a vibrating
sample magnetometer VSM, VSM-5, Toei Industries, Japan
with a maximum applied magnetic field of 960 kA/m, re-
spectively. The iHc and B-H loops were measured at room
temperature. The alloy compositions represent nominal
atomic percent.
III. RESULTS AND DISCUSSION
The binary Fe-B and ternary Fe-Pt-B and Fe-Pt-Si alloy
systems were studied from the viewpoint of the amorphous-
forming ability. Figure 1 shows the compositional depen-
dence of the as-quenched structure in melt-spun Fe-Pt-B and
Fe-Pt-Si ternary alloys. Fe-B binary alloys with 74–85 %Fe,
near the eutectic composition, have an amorphous
structure.16 With increasing Pt content in Fe-Pt-B system, the
amorphous-forming range shifts to higher B content, and a
fully amorphous structure was not formed in Pt content
greater than 20 %. Binary Fe-Pt system hindered the amor-
phous formation because of the absence of eutectic point
over the entire composition range. However, in Fe-Pt-Si ter-
nary system, the amorphous phase was formed in the range
of Si content of 25–30 %, lower Fe content than 50 % and
higher Pt content than 20 %; the amorphous-forming range
seems to expand from the binary Pt77Si23 eutectic composi-
tion with a high amorphous-forming ability17 toward the high
Fe content. However, all the ternary Fe-Pt-B and Fe-Pt-Si
amorphous alloys have no glass transition in the DSC mea-
surement with a heating rate of 0.67 K/s.
We have already reported that quaternary Fe-Si-B-P bulk
glassy alloy has the large Tx of about 50 K leading to the
rod specimens with a diameter of 2.5 mm,14,15 in contrast
with the absence of glass transition in binary and ternary
Fe-metalloids amorphous alloy systems such as Fe-B,18
Fe-P,19,20 Fe-Si-B,21,22 Fe-P-C23,24 and so forth. This result
indicates that increasing the number of the kinds of metalloid
elements and optimizing the contents of the elements possi-
bly enhances GFA for the Fe-based amorphous alloys. Thus,
we tried to realize Fe-Pt based glassy alloys with glass tran-
sition leading to excellent workability by increasing the
number of the kinds of metalloid elements.
Figure 2 shows the compositional dependence of the as-
quenched structure and the temperature interval, Tx, known
to be one of the indicators for GFA,25,26 for melt-spun
Fe55Pt25SixByPz20 alloys. Here, “glassy” and “amorphous”
alloys are distinguished by the presence of glass transition on
the DSC curves as shown in Fig. 3. The ternary Fe55Pt25Si20,
FIG. 1. Compositional dependence of structure for melt-spun Fe-Pt-Si and
Fe-Pt-B alloys.
FIG. 2. Compositional dependence of Tx and structure for melt-spun
Fe55Pt25SixByPz20 alloy in an as-quenched state.
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Fe55Pt25B20 and Fe55Pt25P20 alloys have mixed structures of
amorphous and crystalline phases. An amorphous phase was
observed in the compositional range of Si-content of around
11%–18% in quaternary alloy system. An obvious glass
transition appears at the limited composition range.
The larger Tx of over 30 K was observed in a quaternary
Fe55Pt25Si18P2 and the quinery Fe55Pt25SixByPz20 with
13%–18%Si and less than 3%B as the shaded region shown
in Fig. 2. The largest Tx of 37 K is obtained for
Fe55Pt25Si15B3P2 and Fe55Pt25Si16B2P2.
The reason for the appearance of the glass transition in
the Fe-Pt-metalloids alloys was investigated. The liquidus
temperature Tl which is considered to be one of the indi-
cators of amorphous/glass-forming ability27 was determined
by the DTA curves shown in Fig. 4. The curve reveals that
Fe55Pt25Si16B2P2 glassy alloy with possibly near the eutectic
composition has the low Tl of 1215 K which is significantly
lower than 1346 K of Fe55Pt25Si8B8P4 amorphous alloy with-
out glass transition and also 1447 K and 1321 K of binary
eutectic Fe83B17 and Fe82.5P17.5 alloys, respectively. Atoms in
the amorphous/glassy alloy with near the eutectic composi-
tion have the necessity of long-range rearrangement on crys-
tallization mode. However, the long-range rearrangements
are not always easy in the Fe-based glassy alloys with a
higher degree of dense random packed structure, leading to a
high stability of supercooled liquid. In this case, the alloy
consists of multi-component of metalloids, rearranging pro-
cess and distance of atoms for crystallization might be more
complex and longer than conventional amorphous alloy.28,29
Therefore, the very low Tl of the alloy with near the eutectic
composition is considered to be one of the reasons for the
appearance of the glass transition in the Fe-Pt-metalloids al-
loys.
The structural changes with heating were studied for the
glassy alloys. Figure 5 shows DSC curve and viscosity flow
calculated from TMA trace for Fe55Pt25Si16B2P2. The mag-
netic transformation of a glassy state from ferro to para oc-
curs at around 625 K Tc followed by an obvious glass
transition appears at 665 K, Tg, in the DSC curve. The crys-
tallization takes place in two temperature regions. The first
and second crystallization temperature were estimated at 702
and 780 K, respectively. This alloy exhibits a drastic drop in
viscosity at Tg in the TMA curve, suggesting possibility of
the micro/nano fabrication30 at Tx. Figure 6 shows XRD
patterns of the as-quenched and the various annealed states
for the Fe55Pt25Si16B2P2 glassy alloys. The glassy phase
formed in the as-quenched state still remains in the specimen
annealed at 675 K around the glass-transition temperature
and just below the first crystallization temperature of 702 K.
The glassy structure changes to a mixed structure consisting
of disordered fcc FePt, considered to be a main phase, and
FeSi phase for the specimen subjected to annealing at higher
temperature of 750 K than the first crystallization tempera-
ture of 702 K, and then to mixed structure consisting of L10
FePt main phase, FeSi, PtSi and Pt2Si3 phases by annealing
at 810 K where the second crystallization take place. The
mean grain size of precipitated phases has been calculated
FIG. 3. DSC curves of Fe55Pt25Si18P2 glassy and Fe55Pt25Si10B8P2 amor-
phous alloys.
FIG. 4. DTA curves of Fe55Pt25Si16B2P2 glassy alloy and Fe55Pt25Si8B8P4
amorphous alloy.
FIG. 5. DSC curve and temperature dependence of viscosity flow of the
Fe55Pt25Si16B2P2 glassy alloy.
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from XRD profile by using Scherrer’s equation are 20 nm for
FePt, 25 nm for FeSi, 27 nm for PtSi and 28 nm for Pt2Si3,
respectively.
The magnetic properties of the glassy alloy drastically
changes with phase transition by annealing, as shown in Fig.
7. Figure 8 shows magnetization curves of a as-quenched
and b 810 K annealed state for Fe55Pt25Si16B2P2 glassy
alloy using with B-H loop tracer and VSM, respectively. In
the as-quenched state, the glassy alloy exhibits typical soft
magnetism and shows extremely small coercivity iHc of 15
A/m measured with a B-H loop tracer. The highest iHc of
172 kA/m is obtained for the crystallized specimen annealed
at 810 K for 900 s. Figure 9 shows the TEM image and the
selected area electron diffraction SAED pattern for the
crystallized alloy with the maximum iHc of 172 kA/m an-
nealed at 810 K, whose XRD pattern were shown in Fig. 6.
The TEM image and SAED pattern reveal the nano-
composite structure with the grains with diameter about
10–50 nm. Although the grain with a certain distribution in
size, this result approximately agrees with that of XRD
analysis. Therefore, the rather large iHc is interpreted to
originate in L10 phase with the fine grain size in the crystal-
lized structure.
Since higher stability of supercooled liquid should
be required for better formability, the additional effect of
1%–8%Zr, known to be one of the amorphous/glass-forming
elements in the Fe-based alloys,31 to Fe55Pt25Si16B2P2 glassy
alloy with Tx of 37 K was investigated. The largest value of
48 K, relatively high among the previously reported
Fe-based soft magnetic glassy alloys, was obtained for
4%Zr-added Fe0.55Pt0.25Si0.16B0.02P0.0296Zr4 glassy alloy, as
shown in Fig. 10. This alloy also exhibits soft magnetic be-
havior at a glassy state and hard magnetic behavior
at an annealed state. Although iHc of 105 kA/m for
Fe0.55Pt0.25Si0.16B0.02P0.0296Zr4 alloy annealed at 885 K for
900 s is lower than 172 kA/m for Fe55Pt25Si16B2P2 alloy, the
Zr-added alloy exhibiting wider Tx, has a technologic ad-
vantage for processing the hard magnetic applications using
viscous flow in the Tx and crystallization.
The developed Fe55Pt25Si16B2P2, Fe55Pt25Si15B3P2 and
Fe0.55Pt0.25Si0.16B0.02P0.0296Zr4 glassy alloys with Tx of 37
K and 48 K, respectively, is promising for the future devel-
opment of nano-scale magnetic components.
IV. CONCLUSIONS
We have developed the Fe-Pt-metalloids glassy alloys
with supercooled liquid region. The results obtained are sum-
marized as follows.
FIG. 6. X-ray diffraction patterns of melt-spun an as quenched and annealed
Fe55Pt25Si16B2P2 alloy ribbons.
FIG. 7. Change in coercivity iHc as a function of annealing temperature
for glassy Fe55Pt25Si16B2P2 alloy.
FIG. 8. Magnetization curves of a as-quenched and b 810 K annealed
state for Fe55Pt25Si16B2P2 alloy using with B-H loop tracer and VSM,
respectively.
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1 An obvious glass transition appears at the quaternary
Fe55Pt25Si18P2 and the limited quinery
Fe55Pt25SixByPz20 with 13%–18%Si and less than
3%B.
2 The Tx of 37 K is obtained for the as-quenched
Fe55Pt25Si15B3P2 and Fe55Pt25Si16B2P2 alloys.
3 The Fe55Pt25Si16B2P2 glassy alloy with near the eutectic
composition has the very low Tl of 1215 K, which is
considered to be one of the reasons for the appearance of
the glass transition phenomenon in the Fe-Pt-metalloids
alloys.
4 The extremely small iHc of 15 A/m rapidly increases to
around 170 kA/m with the structure change from the
as-quenched glassy phase to the crystallized mixed
structure consisting of L10 phase by annealing at 795 to
825 K for the Fe55Pt25Si16B2P2 glassy alloy.
5 The Tx of 48 K, a relatively higher value among the
Fe-based ferromagnetic glassy alloys, was obtained for
Fe0.55Pt0.25Si0.16B0.02P0.0296Zr4 alloy.
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